Introduction {#s1}
============

Dopamine (DA) is a catecholamine neurotransmitter that is highly conserved throughout evolution \[[@r126]\]. In mammals, DA plays key roles in motor coordination as well as motivation, reward, addiction, learning, and memory. Misregulation of DA signaling has been implicated in a variety of human disorders \[[@r29]\]. Most notably, loss of dopaminergic (DArgic) neurons is the principal defect in Parkinson's disease, a neurodegenerative disease characterized by a combination of hypokinetic and hyperkinetic movements as well as more subtle sleep dysfunction and cognitive/behavioral changes. Insufficient DA signaling has also been implicated in hereditary dystonias, hypersomnia, periodic limb movement disorder/restless legs syndrome, and mood disorders. While DA agonists and reuptake inhibitors are frequently used to treat these conditions, excessive DA signaling can precipitate debilitating hyperkinetic movements such as tardive dyskinesia. The importance of precisely regulated DA signaling is further highlighted by schizophrenia, a disease in which low DA signaling is thought to mediate negative symptoms such as anhedonia and amotivation, whereas high DA signaling produces positive symptoms like hallucinations and delusions \[[@r31]\]. To uncover the pathophysiology of these diseases and develop more effective treatments, it is crucial to understand how DA is regulated at the molecular and cellular levels *in vivo*. Furthermore, uncovering the precise neuronal circuits in the brain that are modulated by DA will allow us to deepen our understanding of how imbalances of this small molecule can impact so many different neurologic functions.

In addition to mammalian experimental animals such as mice and rats, the fruit fly, *Drosophila melanogaster*, has been an excellent model organism to study neurologic processes *in vivo* through the use of sophisticated genetic techniques \[[@r10]\]. Furthermore, rapid advancements in genetic techniques for neuronal labeling and activity manipulation are allowing researchers to identify and characterize neuronal circuits that regulate specific behaviors \[[@r115]\]. Since many genes involved in DA dynamics (synthesis, transport, secretion, and metabolism) and signal transduction (receptors and downstream signaling cascades) are conserved between flies and human ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Schematic diagrams of DA dynamics and signaling in (A) *Drosophila* cuticle, (B) *Drosophila* brain, and (C) mammalian brain. (A) DA is synthesized in epidermal cells by enzymatic action of TH and Ddc upon molting or eclosion. Secreted DA becomes oxidized into melanin by phenoloxidases such as Laccase2. Yellow, a putative enzyme with unknown molecular function contributes to cuticle pigmentation. Enzymes such as Ebony, Black, Tan, and aaNAT are involved in metabolism of DA into NBAD and NADA. Melanin derived from DA (dopamine-melanin) is necessary for pigmentation, while NBAD and NADA contribute to the hardening of the cuticle. L-DOPA has also been proposed to be secreted and contributes to melanin (dopa-melanin) production. Little is known about how DA and its derivatives are secreted during this process. (B) DA is synthesized by TH and Ddc in presynaptic DArgic neurons and loaded into exocytic vesicles by VMAT. Exocytosis of DA through synaptic vesicles is considered to be the main mechanism of DA release. DA binds to DA receptors present on the postsynaptic neurons and triggers a signaling cascade. Excessive DA becomes metabolized into NADA by aaNAT. DAT mediates presynaptic DA reuptake. Ebony, Black, and Tan mediate the recycling of DA between glia cells and DArgic neurons. (C) Most genes involved in synthesis, transport, secretion, signal reception, and signal transduction are conserved between *Drosophila* and mammals. However, the major enzymes involved in DA metabolism are different between the two species. DA becomes metabolized into DOPAC or 3-MT and then HVA by MAO and COMT in mammalian brains. In addition, a DA recycling pathway between glia cells and neurons has not been identified in mammals.), *Drosophila* studies can shed light on the molecular mechanisms underlying DA biology in higher organisms. In addition, many drugs that target the mammalian DArgic pathway have also been shown to be effective in flies \[[@r72], [@r74]\]. In this review, we will first provide an overview of DA biology in *Drosophila*, mainly focusing on genetic and pharmacologic approaches that have paved the way to our current understanding of DA dynamics and signaling. The similarities as well as differences between the DA systems of flies and mammals will be discussed along the way. Next, we will review the behavioral paradigms found to be regulated by DA signaling in *Drosophila*. Of note, genes involved in Parkinson's disease have been extensively studied in *Drosophila* but will not be covered here as several recent reviews address this topic \[[@r41], [@r50], [@r82], [@r121]\]. Further isolation of novel genes that regulate DA dynamics and signaling by genetic screens and dissection of neuronal circuits that govern DA-mediated behaviors by optogenetic, electrophysiologic, and imaging techniques will likely continue to provide new insights into how DA contributes to numerous neurologic and psychiatric conditions in humans.

Genes and Drugs Involved in Dopamine Dynamics and Signaling in *Drosophila* {#s2}
===========================================================================

DArgic neurons synthesize, secrete, reuptake, and metabolize DA using a set of enzymes and transporters, many of which are evolutionarily conserved. Secreted DA binds to receptors on postsynaptic cells and modulates intracellular signaling cascades. In addition to its role in the nervous system, DA and its metabolites also play an important role in the formation of the insects' pigmented exoskeleton \[[@r124]\]. In this section, we will first describe the role of DA in cuticle pigmentation in *Drosophila*. Historically, mutations isolated based on altered pigmentation have lead to the identification of core genes that affect DA dynamics in the cuticle as well as the nervous system. The key molecular players in DA biology will be introduced along with the genetic and pharmacologic tools used to manipulate them in flies. Specifically, we will discuss DA synthesis, transport, and secretion in DA-expressing cells, followed by signal reception and transduction in DA-receiving cells, and finally DA metabolism and recycling.

DA in Drosophila cuticle pigmentation
-------------------------------------

The insect exoskeleton and mammalian skin both contain melanin, a dark pigment derived from DA precursors tyrosine and L-Dopa (L-3,4-dihydroxyphenylalanine) \[[@r101]\]. In mammals, melanin formation takes place in melanocytes, specialized pigment cells of the skin \[[@r85]\]. These cells contain melanosomes, lysosome-related organelles that contain enzymes responsible for melanin synthesis such as Tyrosinase. While these enzymes produce melanin from DA precursors in the skin, they are not involved in DA synthesis in the mammalian central nervous system. In contrast, insects do not have melanocytes or an identified *Tyrosinase* ortholog. Interestingly, genes essential for melanin synthesis in the insect cuticle also regulate DA synthesis in insect and mammalian brains ([Fig. 1](#fig_001){ref-type="fig"}) \[[@r124]\]. Upon molting and eclosion, *Drosophila* epidermal cells synthesize and secrete DA, a process which will be discussed further below. The secreted DA is then incorporated into the cuticle and oxidized into melanin by phenoloxidases such as Laccase2 \[[@r86]\]. In addition, metabolites of DA such as NBAD (N-β-alanyl dopamine) and NADA (N-acetyl dopamine) are required for hardening of the cuticle (sclerotization). Changes in cuticle color can be directly observed in unbiased forward genetic screens, leading to the identification of a number of genes that regulate DA dynamics in both the cuticle and nervous system \[[@r124]\]. The names of these genes in *Drosophila* frequently reflect their mutant cuticle pigmentation phenotype (i.e. *pale*, *ebony*, *tan*).

DA synthesis
------------

Several mutations causing impaired cuticle formation or pigmentation affect genes that function directly in DA synthesis from tyrosine. The conversion of tyrosine to L-Dopa is mediated by Tyrosine Hydroxylase (TH), which is encoded by the gene *pale* in *Drosophila* \[[@r51]\], and requires Tetrahydrobiopterin (BH4) as a cofactor. BH4 is synthesized from GTP via three chemical reactions, the rate limiting step of which is mediated by GTP cyclohydrolase I (GTPCH) \[[@r106]\]. Several *GTPCH* mutants were isolated based on cuticle depigmentation and were named *unpigmented* (now the gene is known as *Punch*) \[[@r73]\]. The second step of DA synthesis, conversion of L-Dopa to DA, is mediated by Dopa Decarboxylase (Ddc). While *Drosophila Ddc* mutants also exhibit depigmentation, the gene was first mapped based on biochemical assessment of enzymatic activity in flies with genomic duplications and deletions \[[@r24]\]. Strong loss of function alleles of *TH*, *GTPCH*, and *Ddc* are embryonic lethal due to the requirement of DA for cuticle synthesis. To uncouple the function of DA in the cuticle and the brain, flies specifically deficient in DA synthesis in the adult nervous system have been studied and found to exhibit numerous behavioral phenotypes \[[@r87]\].

Another method to circumvent the early lethality of DA synthetic genes is administration of drugs. α-methyl-p-tyrosine (AMPT, α-MT) \[[@r79]\] or 3-Iodo-L-tyrosine (3-I-Y, 3IY) \[[@r69]\] can be added to fly food to inhibit TH activity. Inhibitors of Ddc, such as α-methyldopa, can also block DA synthesis \[[@r95]\]; however, this manipulation is less specific since Ddc is also required for serotonin biosynthesis. Conversely, defects in DA synthesis can be bypassed by feeding flies L-Dopa \[[@r69]\] or DA \[[@r15]\]. Ingested DA can have direct effects on the nervous system in flies \[[@r15], [@r118]\], which is in direct contrast to mammals in which supplemental DA cannot cross the blood-brain barrier. These pharmacological approaches have been routinely used to identify behaviors regulated by DA signaling.

To date, several genes have been found to regulate DA synthesis, some of which have been implicated in human diseases with altered DA levels. *dTorsin*, the fly homolog of *TOR1A* (also known as *DYT1*) which is mutated in early-onset primary dystonia, was found to be required for GTPCH stabilization \[[@r118]\]. Mutations in *GTPCH*and *TH* have also been linked to dopa-responsive dystonia (*DYT5*) \[[@r18]\], suggesting that impaired DA synthesis plays a key role in the development of dystonia. Reduced DA levels are also thought to contribute to the sleep fragmentation seen with loss of *dBTBD9*, the fly homolog of a restless legs syndrome susceptibility factor \[[@r32], [@r33]\]. Conversely, increased DA levels are seen in the akinetic mutants in *Catsup*, the fly homolog of zinc transporter ZIP7 \[[@r40]\], which physically interacts with TH and GTPCH \[[@r99], [@r120]\]. The role of mammalian ZIP7 in DA synthesis has not been investigated, but increased zinc uptake has been associated with decreased levels of TH \[[@r97]\] and DA \[[@r89]\] in rats.

DA secretion
------------

After DA is synthesized in the cytoplasm, it is packaged into exocytic vesicles such as synaptic vesicles and dense core vesicles. Transport of DA across the membrane is mediated by vesicular monoamine transporters (VMATs) \[[@r39]\]. While mammals have two VMAT-encoding genes expressed in a tissue specific manner (*VMAT1* in neuroendocrine cells, *VMAT2* in neurons), flies have only one *VMAT* gene. Reserpine, an antipsychotic drug that blocks mammalian VMATs, is also effective in *Drosophila* and has been used to inhibit the DA signaling *in vivo* \[[@r8], [@r17], [@r77]\]. Flies mutant for *VMAT* exhibit numerous behavioral abnormalities \[[@r96]\], but some of these phenotypes may be due to defects in other neuromodulators since this transporter also packages serotonin and octopamine \[[@r20]\]. Interestingly, *VMAT* mutant flies do not show defects in cuticle pigmentation, suggesting that DA release in epidermal cells may require an alternative transporter or be mediated by a non-vesicular mechanism. In addition, L-Dopa and the DA metabolites NADA and NBAD are also thought to be secreted from epidermal cells into the cuticle \[[@r37], [@r56], [@r104], [@r123]\]; however, the molecular mechanism remains to be elucidated.

In neurons, depolarization leads to secretion of DA mainly through exocytosis of DA-containing vesicles at presynaptic sites. *In vivo* modulation of DA release has been achieved by manipulation of DArgic neuron activity, regulation of vesicle trafficking, and administration of pharmacologic agents. Using the *GAL4/UAS* binary expression system \[[@r13]\], ectopic expression of Kir2.1 (an inward rectifying potassium channel) \[[@r67]\] or TRPA1 (a temperature activated cation channel) \[[@r55]\] blocks or facilitates DArgic neuron depolarization, respectively. More accurate spatial and temporal control of neuronal activation has been achieved through channelrhodopsin-dependent optogenetic techniques \[[@r131]\]. Alternatively, DA release has been diminished by inhibiting synaptic vesicle trafficking by Tetanus Toxin \[[@r61]\] or expression of dominant negative Dynamin \[[@r90]\]. Conversely, DA secretion can be increased pharmacologically by psychostimulants such as amphetamines \[[@r5], [@r83]\]. These drugs mediate release of a number of monoamines including DA and serotonin, likely through interactions with VMATs and DA transporter (DAT) \[[@r103]\], the protein that mediates presynaptic DA reuptake (see below). Thus, similar to the effect of VMAT inhibitors, some of the behavioral phenotypes observed upon stimulant administration may be attributed to other neuromodulators or to additive/synergetic effects.

DA signal reception and transduction
------------------------------------

Upon secretion, DA binds to its receptors on the postsynaptic cell. In *Drosophila*, four G-protein coupled DA receptors have been identified: two D1-like receptors (*DopR* \[[@r38], [@r100]\] and *DopR2* \[[@r30], [@r42]\]), one D2-like receptor (*D2R* \[[@r43]\]), and one non-canonical receptor (*DopEcR* \[[@r98]\]). Similar to humans, D1-like receptors act through activation of the cAMP pathway, while D2-like receptors inhibit this pathway. Therefore, the effect of DA on a specific postsynaptic neuron depends on the type of DA receptor that is expressed. A number of agonists and antagonists that target mammalian D1 and D2 receptors have been used to pharmacologically activate and inhibit *Drosophila* homologs *in vivo*. These drugs include D1 agonist SKF82958, D1 antagonists SKF83566 and SCH 23390, D2 agonist Quinpirole, and D2 antagonists Eticlopride, Haloperidol, and Racloprine \[[@r17], [@r64], [@r128]\]. The *Drosophila* non-canonical DA receptor is homologous to mammalian β-adrenergic receptors and mediates activation of cAMP and PI3K pathways \[[@r98]\]. DopEcR can also bind ecdysone, an insect steroid hormone. *In vitro* studies have shown that ecdysone binding can negatively regulate the DA-mediated activation of DopEcR, but the *in vivo* significance remains to be investigated.

DA reuptake and metabolism
--------------------------

After signaling, DA needs to be cleared from the synaptic cleft to maintain proper signaling levels in the brain. One mechanism is to take up DA back into presynaptic neurons via the transporter DAT \[[@r84]\]. A spontaneous mutation in DAT named *fumin*, meaning sleepless in Japanese, has elevated levels of DA \[[@r58]\]. This strain shows increased basal activity and decreased time spent asleep, consistent with increased DA signaling. DAT function can also be pharmacologically blocked by cocaine \[[@r17], [@r108]\]. Injection or volatilized administration of cocaine to flies has been reported to lead to hyperactive motor phenotypes.

In addition to direct DA reuptake by DArgic neurons, *Drosophila* can also recycle DA through glial cells \[[@r102]\]. Similar to key genes involved in biosynthesis of DA, most genes involved in DA recycling were originally identified as mutations in cuticle color. After secretion, some DA is thought to be taken up by glia cells and undergo β-alanylation by the enzymatic action of Ebony \[[@r47]\]. β-alanine synthesis is regulated by Black, an aspartate decarboxylase (also known as Glutamic acid decarboxylase 2) \[[@r45], [@r81]\]. The Ebony product NBAD is then passed from the glia cell to the presynaptic neuron and converted back to DA by Tan, a NBAD hydrolase \[[@r109]\]. Mutations in *ebony*, *black*, and *tan* have been shown to exhibit behavioral defects in addition to cuticle color change. While these defects may be due to defective DA recycling, the same β-alanylation pathway also recycles histamine, a neurotransmitter used by photoreceptor cells in *Drosophila* \[[@r12]\]. Orthologs of *ebony* and *tan* have not been found in the mammalian genome. However, interestingly, Ebony and DA levels are regulated *in vivo* by a fly homolog of *Dysbindin*, a human schizophrenia susceptibility gene \[[@r93]\]. Considering that altered DA signaling is one of the major contributors to the pathogenesis of schizophrenia \[[@r107]\], it is possible that DA recycling may also play a role in mammalian DA regulation.

Another mechanism to clear synaptic DA is to metabolize it into inactive compounds. In contrast to the highly conserved processes of DA synthesis, secretion, and signaling, DA breakdown in mammals and flies are significantly different. In mammals, DA is inactivated by metabolic enzymes such as MAOs (L-Monoamine Oxidases) and COMT (Catechol-O-methyltransferase) \[[@r68]\]. Through oxidation and methylation, DA is converted into HVA (homovanillic acid) through the intermediate products DOPAC (3,4-Dihydroxyphenylacetic acid) or 3-MT (3-methoxytyramine). In flies, however, direct orthologs of *MAO* and *COMT* genes have not been identified. Instead, fly biogenic amines are thought to be metabolized primarily through acetylation by Dopamine N-acetyltransferase, also known as arylalkylamine N-acetyltransferase (aaNAT) \[[@r44], [@r75]\]. Flies with reduced aaNAT activity show defects in sleep homeostasis, a phenotype affected by aberrant DA signaling \[[@r14], [@r35], [@r94]\]. Thus, while the genes involved in biosynthesis, secretion, and signaling are conserved, genes that mediate breakdown of DA seem to have diverged evolutionarily. It is important to note however that the mammalian DA oxidative products DOPAC \[[@r19], [@r118], [@r132]\] and HVA \[[@r32]\] have been detected biochemically in *Drosophila*, suggesting that an analogous metabolic pathway may exist in flies. In addition, N-acetylation of biogenic amines by mammalian AANAT is involved in the biosynthesis of melatonin, a hormone that influences activity and sleep according to the circadian clock \[[@r36]\]. Thus, studies of fly biogenic amine metabolism by N-acetylation are still important to our understanding of aminergic signaling systems in the mammalian brain.

In summary, DA is synthesized and secreted using a conserved set of genes between flies and human. Receptors and transporters involved in signal reception and DA reuptake are also conserved and can be targeted pharmacologically. However, the pathways that metabolize DA appear to have diverged evolutionarily with mammals using primarily oxidation and methylation, and flies using β-alanylation and N-acetylation.

Behavioral Paradigms Affected byDopamine in *Drosophila* {#s3}
========================================================

Out of the ∼100,000 neurons in the adult *Drosophila* brain, only ∼130 cells are DArgic \[[@r66]\]. In the larval central nervous system, this number is even smaller (70--90 cells) \[[@r91]\]. Despite their modest numbers, DArgic neurons project broadly and can cause widespread effects. DA has been shown to play key roles in regulating basal locomotion as well as learning and memory, courtship, and addiction in flies. More recently, the involvement of DA in more complex behaviors such as attention, decision making, and appetite have also been discussed. Intensive studies on some of these behaviors have lead to identification of the responsible DArgic neurons and neuronal circuits. In this section, we will review the literature on behavioral paradigms modulated by genetic or pharmacological manipulation of the DArgic system in *Drosophila*. These behavioral paradigms may serve as useful phenotypic readouts to identify new genes and drugs that affect DA dynamics and signaling *in vivo*.

Basal activity and locomotion
-----------------------------

Several studies indicate that aberrant DA signaling affects basal activity and locomotion in the fly. Typically, increases in DA signaling lead to hyperactivity while decreases in DA signaling have been linked to hypoactivity. Supporting this, direct application of DA or DA agonists on an exposed nerve cord can stimulate stereotypical grooming behavior, whereas application of DA antagonists leads to akinesia \[[@r128]\]. In addition, subsequent studies using genetic or pharmacological manipulations to facilitate or inhibit DA secretion and signaling also show increased or decreased locomotion, respectively \[[@r28], [@r55], [@r76],[@r77],[@r78], [@r87], [@r110], [@r131]\]. Increases in DA reuptake by manipulation of DAT activity or treatment with cocaine are also in agreement with these studies \[[@r17], [@r58], [@r108], [@r110]\]. It is important to note, however, that increased DA levels have also been reported to lead to a reduction of larval locomotion \[[@r99]\] and decreased DA levels can lead to hyperactivity \[[@r2], [@r32]\] and hyperexcitability \[[@r34]\]. These conflicting findings are reminiscent of human Parkinson's disease in which loss of DArgic neurons produces both hypokinetic and hyperkinetic symptoms \[[@r29]\]. This variability may arise from the differences in DA levels, postsynaptic neurons and receptors, or downstream signaling.

Circadian rhythm, arousal and sleep
-----------------------------------

Part of the effect of DA on basal locomotion can be attributed to the role of DA in regulating the circadian rhythm, arousal, and sleep \[[@r114]\]. Similar to mammals, flies maintain a circadian rhythm through an internal clock, and their basal activity changes over the course of the day. Flies tend to be more active around the dusk and dawn and sleep during the night \[[@r3], [@r22]\]. Genetic and pharmacological manipulations that increase DA signaling modulate circadian rhythm-dependent behaviors. Increases in synaptic DA by administration of methamphetamine \[[@r5]\] or blockage of DA reuptake \[[@r57], [@r58], [@r125]\] have been shown to reduce sleep and increase basal activity during the night. This arousal-promoting effect of DA is also seen with artificial activation of DArgic neurons \[[@r92]\]. Conversely, mutants in the DA receptor *DopR* show an increase in time spent sleeping \[[@r59]\]. In addition, mutations in *ebony* impair circadian rhythm-based activity \[[@r71]\], likely by reduced DA recycling from glia cells \[[@r102]\]. Furthermore, DA also mediates the wake-promoting effect of caffeine \[[@r4]\]. Considering that expression of some genes that regulate DA synthesis \[[@r16]\] and metabolism \[[@r102]\] have been shown to undergo diurnal variation, it is likely that arousal and sleep status in the fly is modulated by DA dynamics and signaling according to the circadian clock. Recent studies have identified specific dopaminergic neurons and neuronal connections that regulate sleep and arousal in *Drosophila* \[[@r63], [@r112]\]. Further genetic and molecular studies may shed light on the role of DA in human sleep disorders such as hypersomnia, REM sleep behavior disorder, and periodic limb movement disorder/restless legs syndrome.

Learning and memory
-------------------

DA signaling has also been shown to play multiple key roles in learning and memory in *Drosophila* \[[@r117]\]. Flies can be trained to learn and remember both aversive and appetitive cues. While most studies agree that DA is necessary for acquisition of aversive memory, the role of DA in acquisition of appetitive memory has been debated \[[@r46], [@r54], [@r90], [@r91], [@r105]\]. Both increased and reduced DA levels have been shown to negatively affect memory retention, suggesting that optimal dosage or temporal-spatial regulation of DA is critical \[[@r130]\]. Furthermore, DA signaling is required for removal of old memories (i.e. forgetting) \[[@r11]\]. Interestingly, the learning and forgetting functions appear to be mediated by different DA receptors (DopR and DopR2, respectively). Despite the complexity of DA effects on memory formation, maintenance, and clearance, recent functional anatomic studies have begun to uncover specific DArgic cell populations and neuronal networks that play key roles in learning and memory \[[@r7], [@r11], [@r62]\]. Researchers are now able to stimulate these neurons to induce ectopic memory formation through genetic manipulations \[[@r6], [@r23]\]. In humans, advanced Parkinson's disease is associated with significant dementia \[[@r29]\]; it is however unclear if this is related to the disease pathophysiology or a result of DArgic treatment.

Courtship and sexual orientation
--------------------------------

Courtship is a classical behavioral paradigm that has been extensively characterized in *Drosophila*. A male fly integrates visual, olfactory, and gustatory cues to recognize a female fly and then executes stereotypical movements known as the "courtship dance" \[[@r116]\]. A female fly also integrates sensory cues to recognize the courting male and decides whether to accept or reject his attentions. Early studies using TH inhibitors to reduce DA levels in adults found that DA is required for female receptivity but dispensable for male courtship behavior \[[@r70]\]. In contrast, increased DA levels through methamphetamine administration \[[@r5]\] or overexpression of VMAT \[[@r17]\] was found to promote courtship in males. Interestingly, increased DA levels were found to specifically promote male-male courtship \[[@r64]\], suggesting that DA levels may play a role in sexual orientation in male flies. Paradoxically, decreased DA levels increase attractiveness of male flies towards other males \[[@r65]\], and a loss of function mutation in DopR also increases male-male courtship \[[@r21]\]. As both high and low DA levels can induce male-male courtship, further studies are necessary to pinpoint the precise role of DA in courtship and sexual orientation in male and female brains.

Reward and addiction
--------------------

DA acts as a reward signal in the human brain and is strongly linked to the molecular mechanisms underlying alcohol, tobacco, and drug addiction. Excessive L-Dopa use in Parkinson's patients is associated with hedonistic behaviors such as hypersexuality, pathologic gambling, and compulsive shopping \[[@r29]\]. While the major reward signal in the insect brain is considered to be octopamine rather than DA \[[@r80]\], some of the behavioral phenotypes induced by addictive reagents such as ethanol, nicotine, cocaine, and methamphetamine are known to be mediated by DA signaling in *Drosophila*. For example, reduction of DA levels by TH or VMAT inhibitors can suppress some locomotion defects caused by ethanol, nicotine, or cocaine \[[@r8]\]. In addition, blocking synaptic transmission or synaptic recycling in DArgic neurons is also effective in suppressing the behavioral effects caused by acute or repetitive exposure to ethanol \[[@r55], [@r60]\]. Similarly, manipulating DArgic neuron activity has been found to modulate sensitization against cocaine administration \[[@r61]\] and alcohol reward \[[@r52]\]. Thus, while DA is not considered to be the major reward signal, *Drosophila* still serves as an important model system to understand the molecular mechanisms underlying drug-related behavior and addiction \[[@r53]\].

Other complex behaviors
-----------------------

Recently, the role of DA in more complex *Drosophila* behaviors like attention, appetite, temperature preference, and aggression has begun to be investigated. Attention can be assessed in flies by measuring flight orientation towards a visual stimulus in a flight simulator \[[@r113]\]. Flies can also be trained to make decisions based on visual cues in this setup. Acute loss of DA signaling was associated with defects in decision making \[[@r129]\], and chronic loss of DA signaling impairs flight orientation, suggestive of defects in attention \[[@r127]\]. Another behavior regulated by DA in *Drosophila* is appetite or motivation to feed, a process normally enhanced by starvation or sensory stimuli such as appetitive olfactory cues. Recent studies have revealed that in both larvae \[[@r119]\] and adult flies \[[@r49], [@r67]\], DA plays a key role in mediating increased appetite upon changes in physiologic and sensory status. *Drosophila* temperature preference also appears to be affected by DA signaling. Whereas one study argues that loss of DA signaling leads to cold temperature preference \[[@r9]\], another reports the opposite \[[@r111]\], a controversy that needs to be further addressed. Finally, a small subset of DArgic neurons have recently been implicated in regulating aggressive behavior in male flies \[[@r1]\]. As more behavioral paradigms become investigated, it is likely that this list of behaviors impacted by DArgic signaling will expand and augment our understanding of the role of DA in high order functions and neuropsychiatric disorders.

Conclusions and Future Directions {#s4}
=================================

As we have described, many similarities can be found between the DArgic systems in flies and humans. First, most genes involved in DA synthesis, secretion, and signaling are evolutionarily conserved which makes *Drosophila* an important model system to study the molecular function of these genes. Using unbiased forward genetic screens, many genes involved in DA dynamics and signaling have been isolated based on altered cuticle pigmentation, and future screens based on behavioral phenotypes affected by DA may identify novel regulators of signaling. Second, drugs that act on mammalian DArgic systems are also effective in flies. This suggests that high-throughput *Drosophila* behavioral assays may be a useful screening tool to identify new small molecules affecting DA signaling. Alternatively, screens to identify genetic modifiers of drug-induced behaviors, such as cocaine-induced hyperactivity, may provide insight into the mechanisms of pharmacologic agents and the complex behaviors they affect. Third, mutations in genes associated with human disorders with altered DArgic signaling, such as hereditary dystonia and restless legs syndrome, also affect DA-mediated behaviors in flies. Therefore, flies have the potential to undercover the molecular function of human disease genes *in vivo,* increasing our understanding of the pathophysiology of DA-related neuropsychiatric diseases. In addition, by identifying new conserved genes that regulate DA dynamics and signaling, fly research may be able to provide novel candidate genes for neurologic diseases without a known genetic cause as well as additional targets for drug therapy.

While there are many similarities, it is also important to consider the differences in DA dynamics and signaling in humans and flies. First, DA metabolism seems to have diverged during evolution with mammals using oxidation and methylation and flies using N-acetylation and β-alanylation. Second, flies lack the genes required to synthesize norepinephrine (noradrenaline) and epinephrine (adrenaline), two key catecholamines derived from DA that function in neuromodulation and neuroendocrine signaling in mammals. Instead, octopamine and tyramine are considered their insect counterparts \[[@r88]\]. Octopamine and tyramine are also derived from tyrosine and are structurally similar to norepinephrine and epinephrine. Moreover, the receptors for these molecules are homologous to mammalian adrenergic receptors. Thus, while DA does not serve as a precursor of fly adrenergic transmitters, many parallels can be drawn between mammalian and insect aminergic systems. Third, DA is necessary for epidermal melanin synthesis in flies but not mammals. Melanin synthesis in mammalian skin is mediated by a melanosomal pathway \[[@r26]\]; however, it is interesting to note that DA oxidation in DArgic neurons produces neuromelanin in the human brain \[[@r27]\]. Flies have also adapted the use of DA to other processes such as oogenesis \[[@r69]\], tracheal morphogenesis \[[@r48]\], pheromone production \[[@r122]\], and innate immunity \[[@r25]\]. Therefore, it is possible that some of the gene regulatory mechanisms present in flies to regulate DA dynamics may not be relevant in DA regulation in the mammal brain. Finally, the organization and the anatomy of the insect and human brains are considerably different. Although progress in mapping specific neurons and neurocircuits responsible for DA-regulated behaviors in flies is expected to provide insight into how behavioral networks are wired, application of such knowledge to human brains will require further investigation as well as characterization of analogous neuronal circuits in rodent model systems such as mice and rats.

In summary, use of genetic and pharmacologic tools has made *Drosophila* an excellent model organism to study genes, behaviors, and neuronal circuits that are regulated by DA dynamics and signaling *in vivo*. Despite the differences that exist between humans and flies, research using *Drosophila* will likely continue to bring new insight into the molecular mechanisms that regulate DA signaling and into the pathophysiology of DA-associated diseases.
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